Extensive regeneration of the vertebrate body plan is found in salamander and fish species. In these organisms, regeneration takes place through reprogramming of differentiated cells, proliferation, and subsequent redifferentiation of adult tissues. Such plasticity is rarely found in adult mammalian tissues, and this has been proposed as the basis of their inability to regenerate complex structures. Despite their importance, the mechanisms underlying the regulation of the differentiated state during regeneration remain unclear. Here, we analyzed the role of the tumor-suppressor p53 during salamander limb regeneration. The activity of p53 initially decreases and then returns to baseline. Its down-regulation is required for formation of the blastema, and its upregulation is necessary for the redifferentiation phase. Importantly, we show that a decrease in the level of p53 activity is critical for cell cycle reentry of postmitotic, differentiated cells, whereas an increase is required for muscle differentiation. In addition, we have uncovered a potential mechanism for the regulation of p53 during limb regeneration, based on its competitive inhibition by ΔNp73. Our results suggest that the regulation of p53 activity is a pivotal mechanism that controls the plasticity of the differentiated state during regeneration. myogenesis | chondrogenesis | p73 | carcinogenesis U nlike mammals, which exhibit limited regenerative abilities, the urodele amphibians-or salamanders-are capable of regenerating an extraordinary range of body structures, including ocular tissues, tail, sections of the heart, parts of the nervous system, and entire limbs (1). In salamanders, such as the newt and axolotl, limb regeneration depends on the formation of a blastema, a mound of progenitor cells of restricted potential that arises after amputation (2-4). Following a period of proliferation, blastema cells redifferentiate and restore the structures of the limb.
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myogenesis | chondrogenesis | p73 | carcinogenesis U nlike mammals, which exhibit limited regenerative abilities, the urodele amphibians-or salamanders-are capable of regenerating an extraordinary range of body structures, including ocular tissues, tail, sections of the heart, parts of the nervous system, and entire limbs (1) . In salamanders, such as the newt and axolotl, limb regeneration depends on the formation of a blastema, a mound of progenitor cells of restricted potential that arises after amputation (2) (3) (4) . Following a period of proliferation, blastema cells redifferentiate and restore the structures of the limb.
Extensive evidence indicates that limb regeneration depends on reprogramming of cells in mature limb tissues. Upon amputation, muscle, cartilage, and connective tissue cells underneath the injury site lose their differentiated characteristics and reenter the cell cycle to give rise to the blastema (5) (6) (7) (8) . This mechanism has also been observed during zebrafish heart and fin regeneration (9, 10) . In contrast, reversals of the differentiated state are rarely observed in mammalian tissues, which led to the suggestion that inability to undergo dedifferentiation could contribute to the failure of regeneration in mammals (11) . Despite their significance, the mechanisms underlying regulation of the differentiated state during vertebrate regeneration remain poorly understood.
Recently, the tumor suppressor p53, whose best-characterized functions are in the maintenance of genome stability (12) , has been implicated in the suppression of artificial cell reprogramming to pluripotency (13) (14) (15) (16) (17) and the promotion of differentiation pathways in mammals (18) . In addition, it has been observed that inhibiting p53 disrupts limb regrowth in salamanders (19) , although its role in this context has remained unknown. It is possible that p53 could play a role in the regulation of dedifferentiation and redifferentiation events intrinsic to vertebrate regeneration. Our results demonstrate that the regulation of p53 activity is critical for limb regeneration by controlling key cell fate decisions throughout this process.
Results p53 Activity Is Regulated During Limb Regeneration. We initially characterized the protein-expression pattern of p53 in both regenerating and intact tissues. The protein levels of p53 were markedly decreased in mid-bud blastemas (Fig. 1A) , with the exception of a few glandular Leydig cells underneath the wound epidermis (Fig. S1A) . In contrast, the differentiated tissues of the corresponding limb, such as epidermis and muscle, showed strong p53 staining (Fig. 1A) , suggesting that the protein levels of p53 in the regenerating blastema are significantly decreased.
Because p53 is regulated both by protein stabilization and by modulating its activity (20, 21) , we assessed the net activity of p53 during regeneration using a p53 reporter (p53Luc), in which firefly luciferase is driven by 13 consensus p53 binding sites (Fig.  1B) . The activity of the p53 reporter increased 20-fold upon overexpression of axolotl p53 in an axolotl cell line, AL1 (Fig. 1C) . This effect was both dose-dependent (Fig. S1B) and specific, as a reporter in which the p53 binding sites are mutated (mLuc) did not respond to p53 overexpression (Fig. 1C) . The reporter, along with a control plasmid, was introduced by electroporation into blastemas at different stages of regeneration and into their contralateral intact limbs, and the relative luciferase activity was quantified. The level of p53 activity declined up to threefold concomitant with the formation of the blastema, and recovered to that of the contralateral limb during the redifferentiation phase (Fig. 1D ). As expected, the expression of the p53 mutant reporter or an SV40 promoter-driven luciferase vector did not result in differences in luciferase activity between limb and mid-bud blastemas (Fig. 1D) . By delivering red fluorescent protein (RFP) constructs into limbs and blastemas under similar conditions to those used for the p53 reporter, we noted that only mesenchymal Significance Our work establishes that endogenous regulation of the activity of the tumor-suppressor p53 is a critical component in vertebrate limb regeneration and is required for the process to occur. We show that down-regulation of p53 is required for cell cycle reentry of postmitotic differentiated cells, the critical step in the formation of the progenitors for the process of regeneration. We propose that the absence of tumor-suppressors that stabilize p53 and the presence of dominant-negative isoforms, permit regeneration by negative regulation of p53. This research sheds light onto previously unknown molecular mechanisms critical for limb regeneration and offers a new perspective on the functions of the tumour suppressor p53. cells in the blastema, limb muscle, and limb connective tissue cells can be successfully electroporated, but not epidermis or cartilage (Fig. 1E ). This finding suggests that the observed changes in p53 activity reflect differences between the mesenchymal elements of regenerating and intact limbs.
In parallel, we analyzed changes in the expression levels of two p53-regulated genes, growth arrest and DNA damage 45 (gadd45) and mouse double minute 2 (mdm2) (21) , which are also p53 targets in the axolotl (Fig. 1F) . Quantitative real-time PCR (qRT-PCR) analysis revealed a decrease in the expression levels of Gadd45 and Mdm2 between the early (9 d postamputation, dpa) and late (18 dpa) bud stages, corresponding to the period of blastema formation, followed by a return to the initial levels upon redifferentiation (Fig. 1G) . No changes in the levels of p53 mRNA were observed, suggesting that p53 regulation takes place at the posttranscriptional level (Fig. 1G) . Additionally, we observed a significant decrease of Gadd45 protein levels in mesenchymal blastemal cells compared with mesenchymal limb tissues, such as muscle and cartilage (Fig. 1H) , strongly supporting the observations made using the p53 reporter. These data suggest that p53 activity is tightly regulated during limb regeneration in the mesenchymal compartment, being down-regulated during the stage of blastema formation and up-regulated to its original level during the redifferentiation phase.
Modulation of p53 Activity Is Key to Achieve Proper Regeneration. To investigate the biological relevance of modulating p53 activity, we took advantage of two well-characterized compounds: α-pifithrin, a p53 inhibitor (22) , and nutlin3a, a p53 stabilizer, which disrupts the p53-Mdm2 interaction (23) . Both compounds act as p53 modulators in AL1 cells, as they induce the predicted changes in the expression levels of Gadd45 and Mdm2 (Fig. S2) . To evaluate the outcome of disrupting the normal pattern of p53 activity during limb regeneration, we treated axolotls with α-pifithrin and nutlin3a during key stages of this process (Fig. 2) .
Stabilization of the p53 level at the time of blastema formation, when it normally decreases, led to an impairment of the regeneration process (Fig. 2 A-C and Fig. S3 ). The defects induced by nutlin3a treatment were reversible and correlated with the levels of Gadd45 up-regulation in individual animals (Fig.  S2) . Furthermore, the defects were not caused by an increase in apoptosis, as no change in the number of apoptotic cells was observed between treatments (Fig. S2 ). This finding suggests that down-regulation of p53 activity is required for blastema formation. Nonetheless, treatment with α-pifithrin during this period also led to an impairment in regeneration ( (Fig. S2 ), suggesting that a minimum level of p53 activity is required for blastema formation. In addition, neither nutlin nor α-pifithrin treatment lead to changes in expression of the p53 family members p63 and p73 (Fig. S2 ). Taken together, these observations support the existence of upper and lower thresholds of p53 activity, above or below which blastema formation is impaired.
Next, we analyzed the effects of p53 stabilization on the redifferentiation phase. Interestingly, nutlin3a treatment resulted in a detectable acceleration of regeneration. Blastemas exposed to constant nutlin3a from the mid-bud stage reached the digit stage ∼3 d earlier than their control counterparts ( Although these observations indicate that the regulation of its activity is essential for limb regeneration, the specific functions of p53 during this process remained obscure. To gain insights into this problem, we investigated the biological functions of salamander p53. In mammals, p53 participates in the maintenance of genome stability by regulating gene expression upon DNA injury, leading to cell cycle arrest, apoptosis, or senescence (12) . To determine whether this result is also true for salamander p53, we exposed axolotl AL1 or newt (Notophthalmus viridescens) A1 cells to UV damage. This process resulted in p53 stabilization and up-regulation of Gadd45 (Fig. S4) , suggesting that salamander p53 responds to UV-induced DNA damage much like its mammalian counterpart. In addition, an increase in p53 protein levels led to a decrease in the proportion of cells in S-phase, implying that the role of p53 as a negative cell cycle regulator is conserved in salamanders. Thus, the genome-protective functions of p53 are conserved in salamanders and could be important during regeneration.
Regulation of p53 Activity Is Essential for Myogenesis. The requirement for p53 at later stages of limb regeneration suggests that p53 could be involved in cell differentiation processes intrinsic to the redifferentiation phase. To test whether this is a function of salamander p53, we used an amphibian model of myogenesis, the A1 cell line, which can be induced to form myotubes following a 4-d period in 0.25% FCS (24) . Staining with p53 antibodies showed increased protein levels of p53 in myotubes compared with undifferentiated cells (Fig. 3A) . In addition, the relative levels of p53 activity were increased 2.5-fold in newly formed myotubes (Fig. 3B) . To determine whether such changes are relevant for myotube formation, we studied the effects of α-pifithrin or nutlin3a treatment during the induction of myogenesis. Treatment with the p53 stabilizer nutlin3a increased the formation of myotubes in 2% FCS, a less-favorable condition for myogenesis (Fig. 3C) . In contrast, administration of α-pifithrin abrogated myotube formation in a reversible (Fig. S5) and dose-dependent manner (Fig. 3C) . Notably, p53 inhibition did not preclude cell cycle withdrawal before myogenesis (Fig. 3D) . Taken together, these results demonstrate that p53 activity is required for myotube differentiation in salamander cells.
Postmitotic Cell Cycle Reentry Depends on the Levels of p53 Activity.
Cell cycle reentry of postmitotic differentiated cells is a key event in blastema formation. Given its role in the promotion of differentiation and cell cycle control, the level of p53 activity could be important for this process. Unlike mammalian muscle, salamander myofibers reenter the cell cycle during regeneration. A1 myotubes reenter the cell cycle on serum stimulation (24) , providing a valuable model to study factors implicated in this reponse, including p53. In this system, we observed that serum stimulation induced a decrease in the expression of the p53 target gene Gadd45 (Fig. 4A) , suggesting that p53 activity is down-regulated under conditions that promote myotube S-phase reentry. To address the importance of such down-regulation, myotubes were treated with 10% FCS along with nutlin3a or α-pifithrin. Stabilization of p53 to equivalent levels present in myotubes before serum stimulation, led to a substantial decrease in the percentage of myotubes in the S-phase (Fig. 4 A and B, and Fig. S6 ), suggesting that the down-regulation of p53 activity is required for this process. To explore this theory further, we focused on Rb, a critical inducer of irreversible cell cycle withdrawal in mammalian myogenesis (25) , the phosphorylation of which is required for cell cycle reentry in salamander myotubes (24) . The staining of myotubes with antibodies against phosphorylated Rb S807/811 ( Fig. 4C and protein extracts (Fig. 4D) , revealed a substantial decrease of phosphorylated Rb in myotubes treated with nutlin3a. This finding indicates that p53 stabilization leads to an inhibition of S-phase reentry in differentiated muscle cells by preventing Rb phosphorylation, supporting the view that postmitotic cell cycle reentry depends on the levels of p53.
Salamander ΔNp73 Acts as a p53 Dominant-Negative and Its Modulation
Is Necessary for Limb Regeneration. To gain insight into the mechanisms behind the regulation of p53 activity, we analyzed the expression patterns of the p53 family members p63 and p73 in regeneration. Whereas p63 levels did not change, we observed a significant up-regulation of p73 in mid-bud blastemas (Fig. S7A) . A variety of p73 isoforms have been reported, all of which can compete with active p53 for binding to its DNA targets (26, 27) . The ΔNp73 isoform, which lacks the N-terminal transactivation domain (Fig. S7B) , has been shown to inhibit p53 functions in mammals by acting as a p53 dominant-negative (28) (29) (30) (31) . Notably, this form was significantly up-regulated in blastemas compared with differentiated tissues (Fig. 5A ) in contrast to full-length p73, which exhibited the inverse expression profile. Absolute mRNA quantification of the p73 isoforms by qRT-PCR indicates that the mRNA levels of ΔNp73 are 10-fold higher than the full-length isoform in mid-bud blastemas, although being barely detectable (<1% of total p73 expression) in limbs. These results suggest a specific role for ΔNp73 in limb regeneration. Next, we observed that coexpression of axolotl p53 and ΔNp73, at comparable levels, is able to abrogate p53-mediated transactivation of the p53 reporter in axolotl cells, much like the overexpression of the p53 dominant-negative DDp53 (Fig. 5 B  and C) , suggesting that axolotl ΔNp73 functions as a p53 dominant-negative. Furthermore, the up-regulation of ΔNp73 precedes the down-regulation of p53 activity during limb regeneration, whereas the decline in ΔNp73 levels coincides with the up-regulation of p53 as the differentiation stage begins (Fig. 5D) . Taken together, these results suggest that regulation of p53 activity during limb regeneration may be achieved-at least in partthrough modulating ΔNp73 gene expression.
Finally, we probed the biological relevance of the modulation of ΔNp73 by disrupting its expression pattern during axolotl limb regeneration. Electroporation of either DDp53 or ΔNp73 into blastemas led to regeneration delays in more than half of the limbs examined, whereas their contralateral control limbs exhibited normal regeneration (Fig. 5 E and F, and Fig. S7 ). After electroporation of a ΔNp73GFP fusion protein, ΔNp73 expression was maintained (Fig. S7 C-E) . These results suggest that the appropriate level of ΔNp73 expression is an important determinant for normal regeneration. Similarly, these data support our observation that the up-regulation of p53 activity is critical during the redifferentiation phase. Additionally, we observed that the percentage of ΔNp73 electroporated cells incorporated into muscle tissue after regeneration decreased by 40%, whereas the incorporation into cartilage was increased by 60% ( Values represent the mean ± SEM, n = 4 in A-C; n = 6 in D and H (*P < 0.05, **P < 0.01). E, epidermis; C cartilage; CT, connective tissue; M, muscle.
and H). Similar results were observed for DDp53 electroporated cells (Fig. 5H and Fig. S7 ). This finding is consistent with the observation that inhibition of p53 interferes with myogenesis. Additionally, the result raises the possibility that p53 acts as a negative regulator of cartilage differentiation. Taken together, these results suggest that the down-regulation of ΔNp73, by relieving its competition with p53, may be controlling cell fate decisions during the redifferentiation phase of limb regeneration.
Discussion p53 and Blastema Formation. Our analysis of p53 activity after amputation reveals the existence of a time window when the activity of p53 is down-regulated in the mesenchymal compartment, coinciding with the phase of blastema formation. It is notable that the changes in p53 activity take place within mesenchymal tissues; as in limb regeneration, it is the mesenchymal cells underlying the wound epidermis that re-enter the cell cycle and proliferate to form the blastema (2) . Therefore, the spatiotemporal regulation of p53 activity is suggestive of a role in blastema formation.
In axolotls, the stabilization of p53 levels by nutlin3a leads to an impairment or delay in the formation of the limb blastema, suggesting that p53 down-regulation is required for this process. These defects are not caused by induction of apoptosis, indicating that p53 down-regulation is not required for the prevention of programmed cell death but instead plays a different role during blastema formation. Physiological down-regulation of p53 has been previously reported in human embryonic stem cells exposed to hypoxia, where it leads to a state of "enhanced stemness" (32) , and during development in Xenopus, where it is required for maintaining ectodermal cells in a pluripotent state (33) . Furthermore, inhibition of p53 activity by AurK is crucial for the maintenance of both embryonic and induced pluripotency (34) , and during induced pluripotent stem cell induction the reprogramming process itself leads to p53 down-regulation (15) . These studies indicate a connection between p53 down-regulation and the reversal of the differentiated state. Significantly, extensive evidence suggests that dedifferentiation is a key mechanism underlying blastema formation in vertebrate regeneration (2, 35) , raising the possibility that the essential function of p53 downregulation is to promote the dedifferentiation of postmitotic, differentiated tissues to give rise to the blastema. The evidence presented in this article supports this hypothesis. Our studies on S-phase reentry in differentiated cells, a key index for the reversal of differentiation (2) , demonstrate that this process depends on the levels of p53 activity. Moreover, these results suggest a molecular basis for the impairment of regeneration observed following p53 stabilization during the blastema formation phase.
The dependence of myotube cell cycle reentry on the levels of p53 suggests a mechanism by which the down-regulation of p53 levels contributes to the generation of blastemal cells by facilitating dedifferentiation and cell cycle reentry of differentiated limb cells. This theory is strongly supported by the finding that the joint inactivation of Rb, the inactivation of which by hyperphosphorylation we have shown depends on p53 in salamanders, and alternate reading frame (ARF), the primary function of which is to stabilize p53 (36, 37) , induces dedifferentiation followed by cell cycle reentry in differentiated mammalian cells, yielding progenitors with regenerative potential (11). Pajcini et al. have proposed that the absence of ARF in lower vertebrates, including urodeles, could underlie the fundamental differences in regenerative ability between mammals and salamanders. In view of our findings, we propose that the absence of ARF in salamanders could facilitate the negative control of p53 levels, which in turn may increase the plasticity of the differentiated state and generate a regeneration-permissive environment in this species. In this context, it is worth noting that lack of expression of a key p53 target gene, p21, was recently shown to improve healing and ear closure in mice (38) , which suggests that the functions of the p53 axis in regeneration could extend to mammalian systems.
Our data also suggest the existence of a threshold of p53 activity below which regeneration cannot take place. An explanation for such a requirement may be found in the role of p53 in the maintenance of genome integrity, which we have shown are conserved in salamanders, as has previously been shown in other amphibians (39) . Actively dividing cells within the blastema are likely to encounter replicative challenges that would require the genome-protective activities of p53. We suggest that the requirement for some protective functions during blastema formation could account for our finding that a minimal level of p53 is needed even at this stage.
In addition, it has been shown that a p53/p63-related protein is essential for the proliferation and self-renewal of the neoblast population during homeostasis and regeneration in flatworms (40) . Even though it is well established that the mechanisms of regeneration used by invertebrates, like planarians, are quite different from those found in vertebrates (41, 42) , it is notable that the complete abrogation of p53-like functions in both settings disrupts regeneration.
p53 and the Redifferentiation Phase. Our results using p53 modulating compounds, as well as electroporation of DDp53 and ΔNp73, suggest that p53 has an instructive role during the redifferentiation phase. This result is in contrast to mammals, where disruption of p53 has no significant impact on differentiation (43, 44) , a result often attributed to the existence of functional redundancy between p53 family members (18) . In Xenopus, in which p63 and p73 are not expressed during development (45), inhibition of p53 blocks terminal differentiation (46) . Furthermore, regulated expression of a p53 interactor, XFDL156, prevents mesoderm specification in the presumptive ectoderm by inhibiting p53 (33) . These reports indicate a role for p53 regulation in differentiation processes during amphibian development and are supportive of our findings.
Our studies on myogenesis provide direct evidence of the role of p53 in cell differentiation in urodeles. We found that both protein and activity levels of p53 increase during myogenesis, consistent with previous reports on the differentiation of mammalian muscle in culture (47, 48) . Although stabilization of p53 activity during the induction of myogenesis increases the overall efficiency of the process, inhibition of p53 prevents myotube formation, demonstrating that p53 is essential during muscle differentiation in salamander cells. These findings help explain the effects, identified in our study, of both inhibition and stabilization of p53 during late stages of regeneration. Our observations are supported by previous reports that demonstrate that inhibition or depletion of p53 abrogates myogenesis (49) (50) (51) . It is notable that during myotube formation the inhibition of p53 does not prevent cell cycle withdrawal but does preclude subsequent stages of differentiation. This finding indicates that p53 acts on the differentiation program independent of its functions in cell cycle regulation.
ΔNp73: A Putative Regulator of p53 Activity. Although our results have established that the tight regulation of p53 activity is important for limb regeneration, an equally important question is how is such regulation achieved. Even though the protein levels of p53 are decreased in blastema cells, this cannot fully account for the observed changes in p53 activity. Our data strongly suggest that a truncated form of p73, ΔNp73, may play an important role. We show that this form acts as a p53 dominant-negative in the salamander system, as it does in humans (31) , that it exhibits an inverse pattern of expression to that of p53 activity throughout regeneration, and that it is up-regulated only in mid-bud blastemas. This finding suggests that ΔNp73 could have a specific role in regeneration, through the targeted competitive inhibition of p53. Critically, we show that overexpression of ΔNp73 during the redifferentiation phase leads to defects in regeneration that are similar to those induced by overexpression of DDp53 and, although milder (likely because of less than 100% transfection efficiency), are reminiscent of the regeneration defects caused by pifithrin-mediated inhibition of p53. Furthermore, ΔNp73 electroporation causes a decrease in the proportion of cells differentiating into muscle, consistent with both our observations using the p53 inhibitor during myogenesis, as well as a previous study describing the inhibition of myogenesis by ΔNp73 (28).
Interestingly, it has been shown that overexpression of ΔNp73 increases human induced pluripotent stem cell reprogramming efficiency (52) , mirroring the effect of down-regulating p53 by siRNA (17) . Thus, it is notable that ΔNp73 has been shown to abrogate functions of p53 that are relevant to regeneration. Interestingly, in contrast to their effect on muscle cells, ΔNp73 and DDp53 have a positive effect on cartilage formation, suggesting that p53 might be a negative regulator of this process. Supporting this hypothesis, a recent study has demonstrated that downregulation of Mdm2, leading to p53 stabilization, inhibits chondrogenesis (53) .
A detailed understanding of the molecular mechanisms underlying vertebrate regeneration is required if we are ever to stimulate such a process in humans. Herein we have identified the regulation of p53 activity as a central mechanism behind salamander limb regeneration. Moreover, we have uncovered functions of salamander p53 in the maintenance of the differentiated state, which provide insights into the role played by this protein in the regeneration of complex structures.
Methods
Procedures for care and manipulation of newts and axolotls used in this study were carried out in compliance with the Animals (Scientific Procedures) Act 1986, approved by the United Kingdom Home Office. Axolotls were allowed to regenerate at 20°C, and limbs or blastemas collected and processed for immunohistochemistry, qRT-PCR, or luciferase assays. Firefly/Renilla luciferase activity was measured using the Dual Luciferase Kit (Promega). Electroporation was carried out by administration of 10 electric pulses (duration: 100 ms, voltage: 80 V/cm) using a SD9 electroporation device (ETL). Full experimental procedures used in this study are available in SI Methods. See Tables S1-S3 for lists of primers used in cloning and RT-PCR, and for antibodies and reagents used.
